The Current State of Research into Embryo Models from Stem Cells Beginning with fertilization, the mammalian conceptus (see Box 1 for terminology) goes through a characteristic developmental program with two essential outcomes: (1) the formation of extraembryonic tissues that establish connections with the maternal tissue and fuel the development of the embryo proper and (2) the generation of the three embryonic germ layers of cells that are the building blocks of the future organs. These two processes lay the groundwork for the developing embryo to form a fetus.
Although the mammalian conceptus can develop in vitro up to the blastocyst stage, in vivo studies are particularly challenging once implantation in the uterus occurs (approximately day 7-9 in humans), due to the small size of the conceptus and its inaccessibility in the uterine tissues. Protocols allowing for the further in vitro development of mouse blastocysts were developed starting 48 years ago (Hsu, 1971 (Hsu, , 1979 , but only recently were these applied to donated fertility clinic-derived hu-man blastocysts (Deglincerti et al., 2016) . These in vitro-cultured human blastocysts reflect some aspects of early post-implantation stages (Bo et al., 2019; Deglincerti et al., 2016; Shahbazi et al., 2016) , but their growth is largely confined to two dimensions, they do not yet fully mimic in vivo development, and they often show degenerative changes as culture progresses. Three-dimensional cultures of human blastocysts are now being developed that better recapitulate post-implantation development in vitro (Xiang et al., 2019) . However, the optimization of culture conditions and the extension of the development of such cultures risk contravening the internationally well-accepted 14-day rule, which limits research on intact human conceptuses/embryos (see below for definition of human embryo in law) to 14 consecutive days of development in vitro from fertilization or the appearance of the primitive streak, whichever occurs first. Given these limitations, the possibility of using human stem cells to generate in vitro models of early development represents an alternative. These models have important technical advantages, including accessibility (cell lines are more widely available than blastocysts and represent a renewable resource) and the ability to generate large numbers required for highthroughput screens and complex gene editing. A range of different and complementary models, based on several types of methodology, has been devised to mimic specific stages of mouse and human development ( Figure 1) (Beccari et al., 2018; Rivron et al., 2018b; Shao et al., 2017; Sozen et al., 2018; Warmflash et al., 2014) .
Although none of these models has yet been demonstrated to be competent to develop for more than a few days in vitro, we can envision that cell culture methodologies could be refined to a point where the models capture key features of early mammalian development with sufficient fidelity to minimize differences from the conceptus itself. When applied to human cells, such refinements will greatly enhance the power of the models but will also elevate ethical concerns over the conduct of the research.
Potential Benefits of This Research to Human Health
This research could result in substantial scientific and medical advances with an impact on human health. Conceptus: the products of conception at all stages of development from zygote to birth. These include the embryo proper, the fetus, the placenta, and all extraembryonic membranes. The term ''embryo proper'' refers to those parts of the conceptus that will form the new body and excludes the extraembryonic tissues. Often, the terms ''embryo'' and ''conceptus'' are used interchangeably. d Pre-implantation stages of development: the first few days of development, from fertilization to implantation, during which the conceptus travels down the oviduct toward the uterus. It encompasses the 7-9 days after fertilization in humans. d Implantation: the process of attachment and invasion of the conceptus to the uterine tissues that occurs around day 7-9 after fertilization in humans. Implantation establishes the fetal-maternal interface leading to later placental development. Implantation is mediated by the polar (embryonic side near the epiblast) and mural trophectoderm cells (abembryonic side opposite the epiblast) of the blastocyst. d Post-implantation stages of development: the stages of development after the conceptus is embedded in the uterine tissues. d Gastrulation: the process by which the three germ layers of the embryonic compartment of the conceptus are formed. Gastrulation begins around day 14 in humans. d Primitive streak: the embryonic structure that establishes bilateral symmetry (alignment of equivalent structures on both sides of the anterior-posterior axis), the site of gastrulation, and the formation of the germ layers. In humans, the primitive streak appears after 14 days. d Embryonic and fetal stages: the embryonic stage begins with the division of the zygote and encompasses the development of the body plan and formation of the organs. This is followed by the fetal stage, during which growth and maturation of tissues and organs occurs. In humans, the fetal stage begins during the 9th week after fertilization and continues to birth. Currently, there is little in the way of specific guidelines to provide for proper ethical oversight of this research, despite the substantial scientific and medical insights to be gained (Rivron et al., 2018a) . It is thus critical that any discussions on the future of this research be carried out openly and on a scientifically informed basis. To this end, we wish to clarify some ethical issues relative to different embryo models and put forward some suggestions regarding guidelines for the conduct of this research.
General Ethical Considerations Regarding Embryo Models
1. Constructs that do not attempt to model the integrated development of the entire conceptus are not equivalent to embryos. This includes research that examines single embryonic or extraembryonic cell lineages (e.g., epiblast, trophoblast, or Figure 1 . The Different Embryo Models Models of the embryo have been formed using mouse (left) and human stem cells (right) to mimic the development of (parts of) the embryo proper (orange) and the extraembryonic tissues (blue) of the conceptus (gray). Mouse models include blastoids (left, top) that resemble the pre-implantation 3.5-day-old conceptus, contain analogues of the three lineages forming the embryo proper, placenta, and yolk sac, and recapitulate aspects of the implantation into the uterus; ETX embryo models (left, middle) that resemble inner regions of the early post-implantation 6.5-day-old conceptus, contain analogues of the three lineages forming the embryo, placenta, and visceral endoderm, mimic an anteroposterior patterning, and form gastrulating-like cells; and gastruloids (left, bottom) that resemble the medial and posterior parts of the 8.5-day-old embryo proper form features of the three orthogonal axes that serve as a reference for the organization of the derivatives of the three germ layers and an appropriate distribution of the primordia-like cells. Work with human stem cells is less advanced but is on a similar trajectory. Currently, epiblast-amniotic models (right, top) recapitulate features of the formation of the amniotic cavity, epiblastamniotic ectoderm axis, and gastrulation, while human stem cells grown on 2D micropatterns (right, bottom) model aspects of post-implantation patterning. Days 7-9 and day 14 of human development (marked in red) are important biological milestones that delineate the emergence of specific properties, such as the capacity to implant in the uterus and the formation of the primitive streak (gastrulation), respectively. (1) and may be determined to be exempt from further committee review. 5. The in vitro combination of human embryo models with animal or human cells or tissues or embryos should be subject to the same limitations in (1) and (2) above and mandatory review. This category would include in vitro human/animal embryo model chimeras, embryo model/human embryo chimeras, or any of these constructs implanted in vitro into explanted uterine tissues or uterine organoids. 6. No human embryo model in any of the above categories shall be transferred in vivo into the uterus of an animal or human.
Next Steps
Research in this area is evolving rapidly and the support of this research by public agencies and charitable foundations is critical to ensure proper scientific and ethical oversight. An open, broadly based consultative process needs to occur so that a regulatory framework can be carefully developed. Any proposed regulations should be clear and take into account the potential benefits of this research and the unique power of these models. Publicly accountable regulatory oversight is preferable to proscriptive legislation that could have unin-tended negative consequences in the future. The ISSCR is in a strong position to make authoritative recommendations for the conduct of this research, as it has done in the past for other ethically challenging issues within its remit. The current ISSCR guidelines (ISSCR 2016 Guidelines for Stem Cell Research and Clinical Translation http://www.isscr.org/ membership/policy/2016-guidelines/ guidelines-for-stem-cell-research-andclinical-translation, Box 3) provide some baseline recommendations relevant to this research but need to be clarified and expanded in the light of the rapid progress in this field. We put forward our recommendations as a starting point for discussions within the Society and the community at large.
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